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Temperature rise in multi-junction solar cells reduces their efficiency and shortens 
their lifetime. In this thesis research, I investigated the feasibility of using noncuring 
graphene-enhanced thermal interface materials for passive thermal management of 
concentrated multi-junction solar cells. Using an inexpensive scalable technique, graphene 
and few-layer graphene fillers, with varying concentrations, were incorporated in the 
noncuring mineral oil matrix. The graphene filler loading of up to 40 wt% has been used. 
The thermal interface material was applied between the solar cell and the heat sink. The 
performance parameters of the solar cells were tested using an industry standard solar 
simulator with concentrated light illumination of up to 200× suns. For comparison, 
commercial thermal interface material was also tested. It was found that the noncuring 
graphene enhanced thermal interface material substantially improves the photovoltaic 
cell’s open circuit voltage. The improvement is achieved via a reduction in the cell’s 
temperature under concentrated sun. The performance of the noncuring graphene thermal 
 vii 
interface material was better than that of the commercial reference sample. The obtained 
results in this thesis are important for the development of the thermal management 
technologies for the next generation of photovoltaic solar cells.  
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 1 
Chapter 1 
 
1.1 Motivations 
Due to increase in energy demands and depletion of non-renewable energy resources, there 
is an increase in research activities on efficiently harnessing energy from renewable 
sources like solar, wind, and nuclear energy. Solar energy is a very promising candidate 
for sustainable energy resource due to its clean, abundant, accessible, and affordable 
nature. The world’s annual energy consumption is less than the amount of energy from sun 
reaching earth’s surface over one hour of irradiation. Photovoltaic (PV) energy generation 
allowing for a direct energy conversion of sun power to electricity have attracted a lot of 
interest from both scientific and practical points of view. The first silicon solar cell was 
developed in 1954 at Bell Labs in the United States [1]. Although, this solar cell had an 
efficiency of only 6%, this marked a new era in technology advancement in non- renewable 
energy. 
Mostly, solar cell developments aim to reduce manufacturing cost and improve 
power conversion efficiency (PCE) [2–4]. Currently, crystalline silicon solar cells occupy 
about 90% market of the commercially available solar cells and have the maximum PCE 
of about 26%, but the majority of the solar cell have efficiency between 12% - 16% as high 
efficiency solar cell are expensive [5–8]. The multi-junction solar cells with concentrators 
have the efficiency of more than 40%, and they are the highest efficient PV cell technology 
known. The remaining energy is converted into heat within the solar cell increasing its 
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operating temperature [9–11]. This increase in solar cell temperature will decrease PCE 
and will be detrimental to the lifetime of solar cells. It is found that under continuous solar 
irradiation, the polycrystalline and monocrystalline Si solar cells can reach temperatures of 
40 ºC to 65 ºC leading to efficiency loss of 0.35% - 0.5% per unit K temperature rise [12–
15]. It is very important to extract the excess heat from the solar cell in order to have higher 
power generation. Passive cooling techniques like heat sinks are used along with solar cells 
can reduce its operating temperature. A high thermal resistance between the back surface 
of the solar cell and heat sink can restrict the amount of heat transferred from the solar cell 
to the heat sink. This resistance to heat flow is caused due to surface imperfections, 
associated with air gaps between the attached surfaces. Since air is a poor conductor of 
heat, there is a need to replace it with a higher thermal conductivity material for improved 
heat transfer properties. Thermal interface materials (TIMs) can be used to improve the 
thermal conductivity of the interface layer, facilitating the heat transfer from the solar cell 
to the heat sink.  
 
1.2 Working Principles of Photovoltaic Cells 
A photovoltaic cell is a semiconductor device which can generate electricity directly from 
the sunlight using photovoltaic effect. This phenomenon was first demonstrated by 
Edmond Becquerel in 1839 using electrochemical cell and the first solar cell was developed 
using layer of selenium between thin film of gold by Charles Fritts in 1884 [16]. A 
conventional solar cell is fabricated by joining p-type doped and n-type doped 
semiconductor material together. Figure1.1 shows the schematic diagram of a single 
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junction solar cell. The p-type doped material has holes as majority carrier and n-type 
material have electrons as their majority carrier. A depletion / space-charge region is 
formed due to electron-hole recombination at the junction of the p-type and n-type material. 
Electrons from n-side diffuse into p-side and holes from p-side diffuse into n-side which 
develops a potential difference called as “built-in potential”. At equilibrium, the junction 
has a band gap energy of EG, which is the difference in energy between upper edge of the 
valence band and lower edge of the conduction band. When sunlight incidents on the p-n 
junction, photons with energy (E = ℎ𝑣) equal to or higher than the EG is absorbed aiding 
an electron-hole pair generation. This process is called photogeneration where free electron 
and holes are generated. The built-in potential of the p-n junction accelerates the generated 
free electrons towards n-side and generated free holes to drift towards p-side towards 
external contact. This creates a potential difference at the external contacts which can be 
utilized to drive current through a given external load [16].  
 
Figure 1.1: Schematic of a single junction solar cell. 
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The two major parameters used for defining photovoltaic cell characteristics are 
open circuit voltage (VOC) and short circuit current (ISC). The open circuit voltage is defined 
as the maximum potential difference in a solar cell when infinite resistance load is 
connected and zero current flow. The short circuit current is defined as the maximum 
current flow when the external load is zero (short circuited) and having zero voltage [16]. 
During a regular use of solar cell, i.e. when an external load is connected, the 
current flow will be less than ISC and the potential difference across the load will be less 
than VOC ( 𝐼 < 𝐼𝑆𝐶 and 𝑉 < 𝑉𝑂𝐶). The solar cell output power for a given temperature is as 
follows: 
𝑃 = 𝐼𝑉      (1.1) 
The maximum power conditions can be calculated by differentiating equation (1.1) 
and equating it to zero [16]: 
𝑑𝑃 = 𝑑(𝐼𝑉) = 0         (1.2) 
The real maximum power output equals to 
𝑃𝑚𝑝 = 𝐼𝑚𝑝𝑉𝑚𝑝                 (1.3) 
 
1.3 Multi-Junction Solar Cells 
The theoretical power conversion efficiency limit of single junction solar cells is the main 
motivation for development of multijunction solar cells. In 1961, Shockley–Queisser 
described the efficiency limit of a single p-n junction solar cell by balancing of the radiative 
transfer between sun and solar cell, modeled as black bodies. They calculated the efficiency 
 5 
limit to be around 31% for a 1.3 eV material at 1 sun illumination at room temperature 
[17].  
 
 
Figure 1.2: AM 1.5G solar spectrum and the part of the spectrum that can theoretically be 
used in Si solar cell. Reproduced from Dimroth, F.; Kurtz, S. High-efficiency multijunction 
solar cells. MRS Bulletin 2007, 32, 3, 231, with permission of Cambridge University Press. 
Copyright © 2011, Cambridge University Press. 
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Figure 1.3: Schematic diagram of a triple-junction solar cell. 
 
By stacking of different layers of material, the thermalization losses are reduced 
drastically compared to the single junction solar cell as high energy photons are utilized 
for electron-hole pair generation [18]. Also, using low bandgap energy materials as bottom 
layers can be used to reduce transmission losses i.e. low energy photons not being used for 
electron-hole pair generation. Though multiple layers of different band gap materials in a 
single solar cell might be used for increasing efficiency, but not feasible for all materials. 
Upon stacking layers of polycrystalline and amorphous materials can result in decreased 
efficiency of the solar cell. This phenomenon is observed because minority charge carriers, 
after drifting through the depletion region, recombine in the bulk defects and surfaces and 
do not contribute to power generation [19]. In order to achieve very high efficiency, higher 
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crystallinity of the layers play a crucial role. High crystalline material can be fabricated 
separately, and mechanically stacked or multiple layers grown on top of each other on a 
single substrate. Single crystalline multijunction solar cells have high efficiency compared 
to polycrystalline and amorphous multijunction solar cells. The symbols in Figure 1.4 
depict the practical maximum efficiency of different crystalline solar cells and the solid 
lines depicts the theoretical limit for the same. The efficiency of the solar cell can be 
increased by improving the quality, uniformity, and crystallinity of the solar cells. We also 
need to consider the diffusion length of the minority charge carriers in the different layers 
of material. It is important to ensure that the minority charge carrier diffusion length is 
higher than the thickness of the material to ensure low recombination. 
 
Figure 1.4: Practical and theoretical limit of power conversion efficiency of different 
crystalline solar cells under one sun and concentrated sunlight. Reproduced from Dimroth, 
F.; Kurtz, S. High-efficiency multijunction solar cells. MRS Bulletin 2007, 32, 3, 231, with 
permission of Cambridge University Press. Copyright © 2011, Cambridge University 
Press. 
 
Minority charge carrier lifetime is another factor to be considered for efficiency 
optimization. Although a lot of factors affect the lifetime of the minority charge carrier, the 
major cause for loss of lifetime is due to carrier recombination in the junctions due to 
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impurities, grain boundaries, and point defects. This problem has been rectified by using 
high quality deposition atomic layer of III-V group materials.  
In order to achieve high minority charge carrier lifetime and diffusion length, it is 
necessary to ensure that the lattice parameters of the different layers are matched. Since 
mismatch in lattice parameters can induces surface defects which in turn will affect the 
flow of charge carriers. It is also important to mention that the different types of crystal 
alloys like random, ordered, quantum wells, and quantum dots affect the flow of charge 
carriers within the layers of solar cell [20,21]. Theoretical maximum possible efficiency 
has been calculated by detailed balance limit of an infinite layers p-n junction solar cell 
under 1 sun illumination is around 68.2% and with concentrated illumination  of  45,900× 
suns, the efficiency reaches up to 86.8% [22]. Overall, solar cells made from stacking up 
of multi-layer single crystalline materials with varying bandgaps absorbs higher amount of 
energy from the solar spectrum compared to single junction solar cell as shown in Figure 
1.5. 
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Figure 1.5: AM 1.5G solar spectrum and the part of the spectrum that can theoretically be 
used by GaInP/GaInAs/Ge cell. Reproduced from Dimroth, F.; Kurtz, S. High-efficiency 
multijunction solar cells. MRS Bulletin 2007, 32, 3, 231, with permission of Cambridge 
University Press. Copyright © 2011, Cambridge University Press. 
 
A common triple-junction solar cell contains a top layer (EG = 1.7-1.9 eV), middle 
layer (EG = 1.3-1.5 eV) and, bottom layer (EG = 0.5-0.8 eV) to absorb photons with different 
energy ranges for electron-hole pair generation. The other major features of a multijunction 
solar cell structure (refer Figure 1.3) includes: 
• Window layer: It is a layer made of high band gap material which allows most of the 
incident photons to pass through. It helps in reduction of surface recombination velocity 
and provides surface passivation. It aids in selective contact for electrons to tunnel 
through and holes to reflect back. 
• Back surface layer (BSF): It is a layer made of high band gap materials which allows 
incident photons to pass through. Similar to window layer, it helps in reduction of 
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surface recombination velocity and provides surface passivation. But BSF layer aids in 
selective contact for holes to tunnel through but holds the electron back. 
• Tunnel junction: It is a heavily doped p-n diode which separates two sub-cells of 
multijunction solar cell. Due to the very high doping along with very low depletion 
region, it aids in tunneling of electrons generated from the bottom layer to the top layer. 
This reduces the need for multiple terminals between each layer of the solar cell to 
extract the generated electrons which results in high VOC. 
 
Currently, a four-junction (AlGaInP / AlGaAs / GaAs / GaInAs) photovoltaic cell 
has the maximum power conversion efficiency of 47.1% at 143× suns illumination (1 sun 
power = 1 kW/m2) [23,24]. Though multi-junction solar cells technology has been proven 
to be highly efficient compared to the conventional Si solar cells, thermal management of 
excess heat generated within the cell present a major problem [25]. 
 
1.4 Other Types of Solar Cells 
Solar cells can be classified on the basis of various factors. Solar cells are majorly classified 
on the basis of the semiconductor material they are made from. Each material has unique 
property of absorbing light for photocurrent generation. Some are efficient for application 
on earth’s surface while the others are for outer space. Solar cells can be made of only one 
layer of light absorbing material (single junction) or made of multiple layer of light 
absorbing material (multi-junction) for increased absorption and photocurrent generation. 
Solar cells can also be classified as first, second, and third generation. First generation solar 
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cells are the conventional crystalline Si solar cells (monocrystalline and polycrystalline) 
which are predominant in PV market. Second generation solar cells are CdTe thin films 
and copper indium gallium selenide (CIGS) cells which are majorly used in photovoltaic 
power stations and integrated power systems in large-scale industries. Third generation 
solar cells are very highly efficient and expensive which are emerging PV technologies 
majorly under development in research institutions [26]. The following are the major types 
of solar cells: 
• Crystalline silicon solar cells: The most commonly available photovoltaic cells in the 
market. They can be polycrystalline or monocrystalline Si with donors and acceptors 
being doped to make a p-n junction. Monocrystalline solar cells are relatively 
expensive, but exhibit higher efficiency compared to polycrystalline solar cell. 
• Cadmium telluride solar cells: This type of solar cell uses cadmium telluride thin film 
to absorb light to generate current. The only thin film technology where manufacturing 
cost is lesser than crystalline Si solar cell for higher kilowatt power generation [27]. 
They have the lesser carbon footprint compared to the Si solar cell manufacturing 
process. But the CdTe thin film is toxic and must be handled with care. Thus, making 
it inaccessible for household solar cell applications [28]. 
• Perovskite solar cells: The absorber material in this type of solar cell has ABX3 crystal 
structure. The most commonly used absorber material for perovskite solar cells is 
methylammonium lead trihalide with bandgap ranging from 1.5 eV to 2.3 eV [29]. The 
manufacturing process is rather simple compared to that of Si solar cell which includes 
multistep processes and needs a clean room facility for high purity Si crystal growth. 
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In contrast, perovskite solar cells can be manufactured in traditional wet chemistry 
processing techniques like spin coating and baking [30]. Although they are cheaper to 
make and more environment friendly, their efficiency is lower compared to crystalline 
Si solar cells. 
• Dye sensitized solar cells: These are third generation solar cells, which uses a photo 
sensitive anode and an electrolyte to form an electro-photochemical cell. The important 
features of these cells are that they are semi flexible, semi-transparent, and require 
simple manufacturing techniques. This makes them a viable candidate for both indoor 
(replacing glass in home windows) and outdoor applications. A lot of research and 
development is still needed to make it feasible for the different outdoor weather 
conditions [31]. Although, the contacts (platinum) and electrolyte are expensive, the 
power-to-cost ratio is relatively close to fossil fuel power generation which attracts 
interests from lots of European Union countries. 
 
Other solar cell types include quantum dot solar cells, nanocrystal solar cells, 
copper indium gallium selenide (CIGS) solar cells, gallium arsenide germanium solar cells, 
micro-morph cells, photoelectrochemical cells, polymer solar cells, hybrid and biohybrid 
solar cells. 
 
1.5 Effect of Temperature on Performance of the Solar Cells 
The photons incident on the solar cell have different energies which correspond to different 
wavelengths. Photons with energy equal to or higher than the band gap of the solar cell is 
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utilized to electron-hole pair generation which leads to photocurrent generation. The excess 
energy of photon above the solar cell bandgap and photon of low energy will be converted 
to kinetic energy which will generate heat increasing the operating temperature of the solar 
cell. The short-circuit current density, 𝐽𝑆𝐶  , open-circuit voltage, 𝑉𝑂𝐶, fill factor, 𝐹𝐹, and 
power conversion efficiency, 𝜂, are the major parameters affecting of the PV cell 
performance as discussed earlier in Chapter 1.2 [32].  
All of these parameters change with varying temperature. Firstly, as the temperature 
increases the bandgap of materials decreases as we can see from Eq.1.4. The open-circuit 
voltage is affected by the increase in temperature majorly due to the following diode 
factors: ideality factor, n, saturation current density, 𝐽0, series resistance, 𝑅𝑆, and shunt 
resistance, 𝑅𝑆𝐻, of the solar cell. The increase in values of 𝑅𝑆, 𝑅𝑆𝐻 and 𝐽𝑆𝐶  is insignificant 
with increase in temperature, so it does not influence the efficiency of the cell much [33]. 
But 𝐽0, a material dependent factor, which changes drastically with increase in temperature, 
affecting the 𝑉𝑂𝐶 value and, eventually, the PV conversion efficiency [34–37]. 
𝐸𝑔(𝑇) = 𝐸𝑔(0) −
𝛼𝑇2
𝑇+𝛽
       (1.4) 
 𝐽0(𝑇) = 𝐶𝑇
3ex p (−
𝐸𝑔
𝑘𝐵𝑇
)    (1.5) 
 𝐽 = −𝐽𝑃𝐻 + 𝐽0(𝑒
𝑞𝑉 𝑛𝑘𝐵𝑇⁄ − 1)               (1.6) 
Where 𝐶 is a constant number, 𝐸𝑔  is the bandgap of the material, 𝑇 is the absolute 
temperature of the solar cell, 𝑘𝐵 is the Boltzmann’s constant, 𝐽𝑃𝐻 is the photo-generated 
current density, and 𝑞 is the electron charge.  
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With increase in temperature, the effective bandgap of the solar cell decreases, 
which increases the number of photo-generated electrons. As 𝐸𝑔 decreases and 
temperature, 𝑇, increases the effective saturation current density, 𝐽0(𝑇), also increases (see 
Eq. (1.5)). The current density-voltage characteristic of a p-n junction solar cell is given by 
Eq. (1.6). The open circuit voltage is the maximum voltage obtained from the solar cell, 
i.e., 𝑉𝑂𝐶 in Eq. (1.7) is obtained by equating 𝐽 = 0 in the Eq. (1.6) and 𝐽𝑃𝐻 ≈  𝐽𝑆𝐶 [38]. 
 𝑉𝑂𝐶(𝑇) =
𝑛𝑘𝐵𝑇
𝑞
ln (
𝐽𝑆𝐶
𝐽0
+ 1)                (1.7) 
Since 𝐽0 increases with increase in temperature, the effective open-circuit voltage, 
𝑉𝑂𝐶(𝑇) of the solar cell decreases drastically. The fill factor of a solar cell (FF), a measure 
for the squareness of the IV curve is defined as the ratio of real maximum power output 
(PMax) to the ideal maximum power output (product of the VOC and JSC) as shown in Eq. 
(1.8). Currently, the fill factor for the multi-junction solar cells ranges from 0.7 to 0.88 
[39]. The efficiency of the solar cell (𝜂) is defined as the ratio of the maximum output 
power to the incident irradiation (𝑃𝑖𝑛) (Eq. 1.9). Since 𝐹𝐹 and 𝐽𝑆𝐶 do not change much 
with temperature, and the power of the incident irradiation is constant and 𝑉𝑂𝐶 strongly 
decreases with temperature rise, the efficiency of the solar cell decreases with increase in 
temperature. 
 𝐹𝐹 =  
𝑃𝑀𝑎𝑥
𝑉𝑂𝐶 .  𝐽𝑆𝐶
                  (1.8) 
η  =  
𝑃𝑀𝑎𝑥
𝑃𝑖𝑛
=  
𝐹𝐹. 𝐽𝑆𝐶 .𝑉𝑂𝐶 (𝑇)
𝑃𝑖𝑛
                (1.9) 
For these reasons, the temperature effects on the performance of conventional and 
multi-junction solar cells has been a subject of many studies [40–43]. It is very crucial to 
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extract the dissipated heat from the solar cell, since the increase in solar cell operating 
temperature, in the short term, can lead to power conversion efficiency loss and, in the 
long-term, degradation of the lifetime of the solar cell [25, 44–47]. 
 
1.6 Thermal Management of Solar cells  
Most commonly used methods for extraction of heat from an electrical system are active 
cooling, phase change materials (PCMs) for heat storage, and passive cooling 
 
1.6.1 Active Cooling 
In this method of heat extraction process, external machine is needed for forced convection 
to extract the excess heat from the system. One of the main advantages of this method of 
cooling is the increased rate of flow of fluid, which facilitates better excess heat extraction. 
The major drawback for this method is the additional cost involved for operating the 
external machines [48]. The following are few active cooling methods used: 
• Forced air: The most commonly used active cooling technique, which utilizes fans to 
circulate air directly over the heat source and heat sink. Due to forced air flow, the 
heated air is channeled out of the system through exhaust which significantly improves 
heat dissipation. It is mostly commonly used in desktop computers for cooling down 
processors and hard drives. 
• Forced liquid: This is an active cooling method in which liquid is pumped through the 
system for heat extraction. A liquid coolant is pumped through a closed tube loop above 
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the heat source to extract the heat. Cold plates are metal structures with internal cooling 
channels / pipes for circulation of coolant liquids. Cold plates are used for localized 
heat extraction by transfer of heat to the coolant, which further flows through a heat 
exchanger to dissipate the heat. Cold plates are attached to the printed circuit boards 
(PCB) containing heat generating components. 
• Thermoelectric coolers (TEC): These are thin layer of materials attached between 
heat source and heat sink. When a potential difference is applied to TEC, a temperature 
differential is formed which enhances the heat dissipation. 
 
1.6.2 Phase Change Materials 
These are materials which utilizes phase transitions to absorb and release energy from heat 
generating systems. These materials have high latent heat of fusion, due to which the 
material keeps absorbing heat when the system is heated, leading to a phase transition. The 
absorbed energy is released back to the system during the cooling cycle [49]. Phase change 
materials are chosen according to the operating temperature of the system. The phase 
transition temperature of the PCMs should be close to the maximum operating temperature 
in order to achieve maximum heat extraction, since PCMs use the latent heat of fusion for 
heat dissipation from the heat source [50–53]. PCMs are one of the most commonly 
available method for heat extraction. They are very inexpensive, non-toxic, non-corrosive, 
chemically stable, highly durable, and reliable. One major disadvantage is that very less 
heat is extracted from the system using PCMs [53]. Another notable disadvantage is the 
supercooling effect in salt hydrate PCMs which will interfere the heat extraction drastically 
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[54]. They are one of the preferred cooling techniques in PV technologies due to their 
abundance and less cost [55]. Using PCMs in solar cell can reduce the rise in temperature 
of the solar cell by up to 200-250C compared to when no PCMs being used [56,57]. 
 
1.6.3 Passive Cooling Techniques 
It is a cooling technique which relies solely on the natural convection and no external 
energy for heat dissipation. They are highly reliable, inexpensive, and easiest to implement 
[58–60]. Some of the major passive cooling techniques are as follows: 
• Heat sinks: It is the most commonly used passive cooling technique. They are made 
from high thermal conductivity material like aluminum and copper which are mounted 
to the heat source. They are generally a flat panel with different designs of fin-like 
structures on one side while the other side is flat and attached to the heat source. Natural 
convection occurs as the heat is transferred from the heat source to the heat sink and 
dissipated from the fins on the other side. This has application ranging from small 
electronics to huge turbine generators. 
• Heat pipes: This is one of the most efficient heat extraction technique. It consists of a 
sealed, hollow tube containing a liquid coolant. One end of the tube is attached to the 
heat source and the other end is attached to a heat exchanger like heat sink. They are 
high thermal conductivity metals like copper which can be flat or bent shape depending 
of the application. Most common application of heat pipes are laptops. 
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• Heat spreader: These are highly thermal conductive metal plates which are used to 
distribute the heat evenly from a concentrated heat source. They are often mounted as 
back plates to PCB with heat generating components. 
 
1.7 Thermal Interface Materials (TIMs) 
A high thermal resistance due to the airgap in between the back surface of the heat source 
and heat sink can limit the amount of heat transferred. Thermal interface materials are 
polymeric based materials used to enhance the heat dissipation between the two surfaces. 
TIMs are generally in the form of paste which fills and replaces the airgaps and provide a 
better thermal contact between the surfaces. The heat transfer capability of the TIMs 
depends on the thermal conductivity values of the TIMs. High thermal conductivity TIMs 
provide better heat dissipation and thermal contact between the surfaces [59–65]. 
Commercial TIMs are made of high thermal conductivity metallics and ceramic fillers 
along with polymeric base material for better electrical insulation to enhances heat 
extraction [66]. The reliability and durability of TIMs are important factors to be 
considered. Applications with long operating time needs TIMs with higher viscosity and 
base material with higher glass transition temperature in order ensure minimum leakage 
and degradation of TIM [67].  
The thermal resistance (𝑅𝑇𝐼𝑀) for the interface layer between two surfaces depends 
on the distance between two layers i.e. bond layer thickness (BLT) and contact resistance 
(𝑅𝐶1, 𝑅𝐶2) of both the surfaces. This can be calculated as follows [68–70]: 
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 𝑅𝑇𝐼𝑀 =
𝐵𝐿𝑇
𝐾𝑇𝐼𝑀
+ 𝑅𝐶1 + 𝑅𝐶2                (1.12) 
where KTIM is the thermal conductivity of the TIM.  
It can be inferred that higher thermal conductive TIMs, lower contact resistance 
and lower BLT can reduce the overall thermal resistance of the interfacial layer. 
 
1.8 Graphene as Fillers for TIMs 
Graphene, an allotrope of carbon with single layer of carbon atoms, exhibits 
exceptional intrinsic thermal conductivity values of up to ~5000 W/mK in-plane depending 
on the size and quality [71–76]. Graphene shows very high electron mobility and very low 
resistivity values. The ongoing research in electronics industry focuses on development of 
smaller and highly capable processors and memory storage devices [77]. This leads to high 
power density devices which can heat up rapidly demanding better heat dissipation. 
Commercial TIMs use silver or aluminum particles with very high loading fractions to 
achieve higher thermal conductivity. But high loading fraction of fillers can increase 
production cost. Graphene also exhibits very high compatibility with polymers which are 
used as base materials for TIMs. For these reasons, graphene can be used as fillers in the 
polymer matrices which drastically increases the thermal conductivity of the TIMs [78–
84]. It has been verified that decreasing the lateral dimension of the graphene layers reduces 
its thermal conductivity. Therefore, graphene flakes with micrometer-scale lateral 
dimensions are preferred over graphene nanoparticles for thermal management 
applications [69]. In the thermal context, mixture of graphene and FLG flakes can be 
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referred as “graphene fillers”. While the intrinsic thermal conductivity of FLG is lower 
than that of single layer graphene, FLG fillers have the advantages of a larger cross-section 
for heat transfer. Optimization of the size and thickness of graphene fillers can lead to 
further improvements in thermal management applications [78–81,85,86]. 
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Chapter 2 
 
2.1 Experimental Setup 
This chapter describes the instruments and methodologies used for preparing TIMs and 
testing multijunction solar cells with TIMs applied on, for solar cell performance 
characteristics. For this research, industry standard solar simulator from Newport 
Corporation was used to simulate sunlight for testing the solar cells. In order to measure 
the thermal conductivity of the TIMs used for experiments, TIM tester from Longwin was 
used. Kinematic viscometer from Cannon Instruments was used to measure the viscosity 
of the base material. A detailed description of each equipment and its working principles 
are given below. 
 
2.1.1 Solar Simulator 
Oriel Sol1A class ABA solar simulator is a very high end industrial solar simulator which 
complies with ASTM E927-10 (2015) standards for solar cell testing. It uses an ozone free 
xenon short arc lamp to generate a beam of 6”x6” beam size of 1 sun power (~ 1000 W/m2). 
It uses a regulated high-power supply which helps ensuring uniformity in the light 
produced. The output power of the solar cell can be varied from 0.3-1 sun power by varying 
input power values. The interior of the solar simulator is insulated and generates a 5800 K 
black body like spectrum. The light emitted by the xenon lamp passes through multiple 
correction filters to produce a light beam complying with standard AM1.5G solar spectrum.
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Figure 2.1: Schematic diagram of a solar simulator. 
 
2.1.1.1 Solar Irradiation and Air Mass 
Solar irradiation is defined as the total amount of power received by earth from the sun. 
The solar irradiance reaching earth outside atmosphere is around 1360 W/m2. As the 
sunlight enters the atmosphere, it loses energy due to scattering. Also, sunlight reaches the 
surface at various angles throughout the day, varies over different seasons and different 
location as well. The longer the sunlight travels in atmosphere, greater the scattering and 
greater the loss of energy. In order to consider all these affects, air mass coefficient was 
introduced. Air mass is defined as the ratio of the actual optical path of sunlight through 
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atmosphere to the pathlength vertically upwards at zenith. This can be expressed as 
AM=1/cos(θ), where θ is the zenith angle. For all mid latitudes regions on Earth which 
includes North America, Asia, Europe and Africa consider AM 1.5 (θ = 48.20) as standard 
for representing sunlight reaching throughout the year. AM1.5G (Global) is referred as 
global radiation which includes direct and scattered radiation, measuring around 1000 
W/m2 (1 sun power). Direct radiation refers to the non-reflected, non-scattered radiation 
directly from sun to the collector. AM 1.5D (Direct) measures to 760 W/m2 as shown in 
Figure 2.2 [87,88]. Scattered radiation refers to the reflected radiation from the ground 
reaching to the collector.  
 
Figure 2.2: Schematic diagram for Air Mass 1.5 Global and Direct coefficient. Reproduced 
from Riordan, C.; Hulstrom, R. What is an Air Mass 1.5 Spectrum? IEEE Photovoltaic 
Specialists Conference, Kissimmee, FL, USA 1990, 2, 1085-1088, with permission of 
IEEE. Copyright © 1990, IEEE.  
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2.1.2 Thermal Conductivity Measurements of TIMs 
LW-9389 TIM Thermal Interface Material Tester from Longwin North America 
Laboratory is a software-controlled instrument used to measure the thermal conductivity 
of thermal interface materials. The instrument complies with ASTM D5470-06 standard 
for thermal conductivity measurements. It can measure cross-plane thermal resistance and 
thermal conductivity along the z-axis of the sample. The TIM sample is applied between 
two surfaces with a temperature differential and the amount of heat transfer through the 
sample is calculated using Fourier’s law of heat transfer. The instrument’s software 
calculates the thermal impedance. Thermal conductivity can be extracted by calculating 
the product of thickness of the sample and inverse of thermal impedance. Further, thermal 
contact resistance can be calculated by measuring the thermal conductivity values for 
varying thickness and extrapolating the data for zero BLT. All the data are calculated 
directly from the software. This instrument can be used for thermal conductivity 
measurements at elevated temperatures at different applied pressure of wide range of 
samples like thermal greases, phase change materials, thermal tapes, gap filler pads, and 
graphite sheets [89]. It can also be used for long-term reliability test of the TIMs.  
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Figure 2.3: Actual image of Longwin TIM tester. 
 
2.1.3 Viscometer 
SimpleVIS® automated kinematic viscometer from Cannon Instruments is a single sample, 
portable viscometer as shown in Figure 2.4. It complies with ASTM D7279 and ASTM 
D445 standard for kinematic viscosity measurement of liquids. This instrument can be used 
to measure viscosity value ranging from 10 mm²/s (cSt) to 700 mm²/s (cSt) at 40 °C and 
5.5 mm²/s (cSt) to 200 mm²/s (cSt) at 100 °C. This instrument is very portable and only 
needs a small quantity of sample to measure kinematic viscosity values. This instrument 
can be used for measuring kinematic viscosity of mineral oils, synthetic oils and formulated 
motor/gear oils [90]. 
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Figure 2.4: Actual image of SimpleVIS kinematic viscometer. 
 
2.2 Material Systems 
2.2.1 Solar Cell 
For the experiments, high efficiency GaInP/GaInAs/Ge on Ge substrate triple junction 
solar cells (AZUR Space (Cell type: 3C42C – 10x10 mm2) were used. These cells generate 
an open circuit voltage (VOC) of 3.07 V and short circuit current (ISC) of 3.47 A at 250× 
suns illumination according to the technical data [91]. 
 
2.2.2 Graphene Fillers 
xGnP® Graphene (H25) fillers from XG-Sciences with an average thickness of up to 15 
nm and lateral dimension of 25 μm are used for the experiments. The graphene powder as 
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shown in Figure 2.6 is 99% pure, with a typical surface area of 50 m2/g to 80 m2/g and 
density of 2.2 g/cm3 [92]. 
 
 
Figure 2.5: Graphene powder used for TIM preparation. 
 
2.2.3 Commercial TIM and Mineral Oil 
For this research, commonly used mineral oil (Walgreens) was used as the base polymer 
for graphene-filled TIM preparation. Commercially available TIM (Ice Fusion, Cooler 
Master Technology Inc.) was used for comparative study. It is a noncured TIM with 
thermal conductivity value of around 1W/mK.  
 
2.3 Experimental Procedure 
2.3.1 TIM Preparation 
The noncured TIMs were prepared by homogenous mixing of mineral oil with graphene 
fillers, following the steps shown in Figure 2.6. The pre-determined amounts of graphene 
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were measured in order to synthesis 10 wt%, 20 wt%, 40 wt% mixtures in mineral oil 
samples. The weight percentage of graphene needed to be mixed with mineral oil was 
calculated as 𝑓𝑔 = 𝑊𝑔/(𝑊𝑀 + 𝑊𝑔), where 𝑊𝑔 and 𝑊𝑀 are the weights of graphene fillers 
and mineral oil, respectively. It was then added to around 30 ml of acetone to create a 
uniform suspension. The acetone – graphene mixture was used to avoid possible 
agglomeration of graphene fillers in mineral oil if otherwise added directly. The samples 
were sheer mixed at a low rate (310 RPM) for 20 minutes, to retain the lateral dimensions 
of the flakes. Following the sheer mixing, the graphene mineral oil slurries were decanted 
at 70ºC for 2 hours, removing the excess acetone with a graphene-enhanced TIM 
remaining.  
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Figure 2.6: Flow chart of TIM preparation process. 
 
2.3.2 Solar Cell Testing 
The multijunction solar cell’s back surface was cleaned using acetone. The TIM layer was 
then applied uniformly. In order to maintain a constant bond layer thickness, plastic shims 
of 54 μm thickness were used at the edge of the solar cells as shown in Figure 2.7. 
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Figure 2.7: a) Solar cell cleaned with acetone, b) TIM uniformly applied on the back 
surface, c) shims attached to the edges of solar cell, and d) solar cell bolted to the heat sink 
with SOE on top. Reprinted with permission from Mahadevan, B.K; Naghibi, S.; Kargar, 
F.; Balandin, A.; Non-Curing Thermal Interface Materials with Graphene Fillers for 
Thermal Management of Concentrated Photovoltaic Solar Cells, C-Journal of Carbon 
Research, volume 6, p2, 2019.  
 
Solar cell applied with TIM and shims attached was then bolted to the heat sink 
with a thermocouple attached at the bottom of the solar cell. Aluminum heat sink 
manufactured by extrusion with dimensions of 90 × 95 × 50 mm was used. The multi-
junction solar cell with various TIMs was tested using a solar simulator (Newport, Sol1A 
Class ABA). A convex lens was used for converging the 1 sun power from 6”x6” beam on 
to the 1 cm2 multi-junction solar cell which helps achieving magnification up to 200× as 
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shown in the Figure 2.8. The distance between the solar cell and lens was changed in order 
to achieve the optimum illuminations on the solar cell. Additional secondary optical 
elements (SOEs), like truncated square prism glass, were used to focus and direct the light 
on the multi-junction solar cell.  
In order to achieve varying sun power, the whole setup is fixed and the Xe lamp 
power supply is varied from 350 W to 1000 W to achieve solar irradiation from 70× suns 
to 200× suns. Once the multi-junction solar cell is illuminated by the solar simulator, the 
open circuit voltage was measured by a multi-meter (Fluke 287) by attaching probes to the 
multijunction solar cell. The time-transient temperature of the solar cell was measured 
using a multichannel temperature logger (Applent Instruments AT4516) every 5 seconds 
for 30 minutes until the solar cell reached the steady state temperature condition. Figure 
2.9 shows an actual image of the experimental setup. 
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Figure 2.8: Schematic diagram of solar cell experiment setup. Reprinted with permission 
from Mahadevan, B.K; Naghibi, S.; Kargar, F.; Balandin, A.; Non-Curing Thermal 
Interface Materials with Graphene Fillers for Thermal Management of Concentrated 
Photovoltaic Solar Cells, C-Journal of Carbon Research, volume 6, p2, 2019.  
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Figure 2.9: Actual image of the solar cell experimental setup. Reprinted with permission 
from Mahadevan, B.K; Naghibi, S.; Kargar, F.; Balandin, A.; Non-Curing Thermal 
Interface Materials with Graphene Fillers for Thermal Management of Concentrated 
Photovoltaic Solar Cells, C-Journal of Carbon Research, volume 6, p2, 2019.  
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Chapter 3  
3.1 Overview 
Thermal management of solar cells have been an interest for numerous research studies 
[93–95]. In our prior research, commercial TIMs with addition of low concentration of 
graphene were tested with solar cells [96]. The composition of commercial TIMs was not 
known. In this thesis research, noncuring TIMs based on mineral oil with high 
concentration of graphene fillers produced in-house, has been used. The limitation of the 
earlier work was that the high concentration of graphene fillers could not have been 
achieved in commercial TIMs owing to their higher viscosity. The pure mineral oil can be 
used to reach graphene loadings of 40 wt% which can result in better heat dissipation 
characteristics. Even higher loadings (>40 wt%) is possible, but not practical since 
excessive graphene loading can result in formation of air gaps, agglomeration of graphene 
fillers, and uneven dispersion of the fillers. 
All TIMs were characterized for thermal conductivity and viscosity of the mineral 
oil was measured. In-house noncured TIMs loaded with varying graphene concentration 
up to 40 wt% and commercial TIM were applied between the solar cell and heat sink and 
tested at room temperature. The effect of rise in temperature of solar cell on open circuit 
voltage (VOC) and short circuit current (ISC) were observed for different concentration of 
graphene in TIMs. 
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3.2 Results and Discussions  
3.2.1 Thermal Conductivity Measurements of TIMs 
 
The thermal conductivity of the resulting noncuring mineral-oil based TIMs with graphene 
fillers was measured using TIM tester (Long Win North America Laboratory TIM Tester). 
During the measurements, the TIM layer thickness and temperature were carefully 
controlled by the TIM tester software. The thermal resistance of each sample was measured 
at room temperature at different thicknesses and its bulk thermal conductivity was 
extracted. Table 3.1 shows the results of thermal conductivity measurements of noncuring 
TIMs with varying concentrations of graphene fillers and a reference commercial TIM (Ice 
Fusion, Cooler Master Technology Inc.). It was observed that an increase in graphene 
concentration resulted in higher thermal conductivity values. Thermal conductivity of 6.74 
W/mK was measured for the mineral oil-based TIM with 40 wt% graphene filler loading. 
For comparison, the thermal conductivity of the commercial TIM was only 1.34 W/mK. 
Upon addition of only 10 wt% of graphene to mineral oil resulted in TIM with a higher 
thermal conductivity than that of measured for the commercial TIM. The thermal 
conductivity of mineral oil with 40 wt% graphene fillers reveled the thermal conductivity 
of ~5 times more than that of the commercial TIM.  
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Table 3.1: Thermal conductivity of graphene-enhanced TIMs. Reprinted with permission 
from Mahadevan, B.K; Naghibi, S.; Kargar, F.; Balandin, A.; Non-Curing Thermal 
Interface Materials with Graphene Fillers for Thermal Management of Concentrated 
Photovoltaic Solar Cells, C-Journal of Carbon Research, volume 6, p2, 2019.  
Sample Bulk Thermal Conductivity (W/mK) 
Mineral oil 0.27 
Mineral oil with 10 wt% graphene  
Mineral oil with 20 wt% graphene  
Mineral oil with 30 wt% graphene  
Mineral oil with 40 wt% graphene  
Commercial TIM (Ice Fusion) 
3.05 
4.82 
5.51 
6.74 
1.34 
 
3.2.2 Scanning Electron Microscopy Analysis of Graphene and 
Viscosity Measurement of Mineral Oil 
Scanning electron microscopy (TESCAN Vega 3 SEM) imaging was done to confirm the 
lateral dimension of the commercial graphene used for TIMs as shown in Figure 3.1. The 
lateral dimension of the graphene is around 20 - 25 μm which matches with the product 
specification data. The kinematic viscosity (SimpleVIS® kinematic viscometer) of the 
mineral oil was measured to be 66.3 mm2/s (cSt) at 40 0C. 
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Figure 3.1: Scanning electron microscopy image of graphene fillers at 20kx magnification. 
 
3.2.3 Short Circuit Current Measurements  
The black curve in Figure 3.2 shows the short-circuit current corresponding to the 
illuminations of 𝐼1 = 70× suns for the PV cell attached to the heat sink with the graphene 
enhanced TIM of 40 wt% filler loading. As the distance between the solar cell and the 
focusing lens changes slightly, some portion of the focused light falls off the inlet aperture 
of the SOE and hence, the illumination on top surface of the cell decreases. The blue and 
red curves in Figure 3.2 demonstrates the 𝐼𝑆𝐶 for smaller illuminations of 𝐼3 < 𝐼2 < 𝐼1. As 
expected, the short-circuit current is larger for the optimum concentrated illumination. The 
inset in Figure 3.2 depicts the variation of the 𝐼𝑆𝐶 with time at 70x irradiation. It was 
observed that a little increase in the 𝐼𝑆𝐶  values with time, i.e. increase in temperature. The 
increase in 𝐼𝑆𝐶 is very insignificant, and it does not lead to any observable change in the 
efficiency of the solar cell. These experimental observations are in line with the theory 
described in Chapter 1.5.   
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Figure 3.2: Short-circuit current of a solar cell as a function of time for the varying 
illumination up to 70× suns. The data are shown for the solar cell connected to the heat 
sink with noncuring TIM with 40 wt% of graphene fillers. Reprinted with permission from 
Mahadevan, B.K; Naghibi, S.; Kargar, F.; Balandin, A.; Non-Curing Thermal Interface 
Materials with Graphene Fillers for Thermal Management of Concentrated Photovoltaic 
Solar Cells, C-Journal of Carbon Research, volume 6, p2, 2019.  
 
 
3.2.4 Open Circuit Voltage Measurements 
The open-circuit voltage of the concentrated PV solar cells attached to the heat sink with 
different TIMs under fixed concentrated light illumination of 70× and 200× suns were 
measured. As predicted by the theory in Chapter 1.5, the major contribution to the power 
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loss in the solar cell was due to the decrease in 𝑉𝑂𝐶. Figure 3.3 and 3.4 shows the open-
circuit voltage as a function of the time. It was observed that 𝑉𝑂𝐶 rapidly decreases and 
then saturates, as the solar cell reaches to the steady state condition, in all examined cases. 
The decrease in the open-circuit voltage is the largest in case of the solar cell attached to 
the heat sink with the mineral oil base material for both 70× suns and 200× suns 
illumination. The use of commercial noncured TIM allows one to improve the 
performance. However, there is a major improvement in the solar cell performance when 
the in-house noncured TIMs with graphene fillers are utilized. Table 3.2 shows the change 
in VOC values for 70× suns and 200× suns using different TIMs respectively.  
 
Table 3.2: Decrease in VOC values while using different TIMs under 70× suns and 200× 
suns illumination. 
Sample ΔVOC (70× suns) ΔVOC (200× suns) 
Mineral oil 0.14 V 0.85 V 
Mineral oil with 10 wt% graphene  
Mineral oil with 20 wt% graphene  
Mineral oil with 40 wt% graphene  
Commercial TIM (Ice Fusion) 
0.11 V 
0.09 V 
0.08 V 
0.12 V 
0.54 V 
0.42 V 
0.33 V 
0.62 V 
 
A maximum improvement of 24% reduction in decrease in 𝑉𝑂𝐶 values of the PV 
solar cells when 40 wt% graphene fillers in mineral oil was used as compared to 
commercial TIM at the saturated state after 30 minutes of 70× suns illumination as shown 
in Figure 3.3. Similarly, an improvement of 44% reduction in decrease in 𝑉𝑂𝐶 values of the 
PV solar cells was observed when 40 wt% graphene fillers in mineral oil was used as 
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compared to commercial TIM at the saturated state after 20 minutes of 200× suns 
illumination as shown in Figure 3.4. 
 
 
Figure 3.3: Open-circuit voltage of a solar cell as a function of time under constant 
illumination of 70× suns. Reprinted with permission from Mahadevan, B.K; Naghibi, S.; 
Kargar, F.; Balandin, A.; Non-Curing Thermal Interface Materials with Graphene Fillers 
for Thermal Management of Concentrated Photovoltaic Solar Cells, C-Journal of Carbon 
Research, volume 6, p2, 2019.  
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Figure 3.4: Open-circuit voltage of a solar cell as a function of time under constant 
illumination of 200× suns. Reprinted with permission from Mahadevan, B.K; Naghibi, S.; 
Kargar, F.; Balandin, A.; Non-Curing Thermal Interface Materials with Graphene Fillers 
for Thermal Management of Concentrated Photovoltaic Solar Cells, C-Journal of Carbon 
Research, volume 6, p2, 2019.  
 
3.2.5 Temperature Rise Measurements  
The rise in temperature of the PV solar cells attached to the heat sink with different TIMs 
at 70× and 200× suns illuminations were measured. The measurement of temperature of 
the solar cell complements the measurement of the thermal conductivity, i.e. the lower 
thermal conductivity of TIM results in higher solar cell temperature due to worse heat 
transfer from the solar cell to the heat sink. The results of the temperature rise 
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measurements at 70× suns and 200× suns are presented in the Table 3.3. The temperature 
rise in the solar cell was reduced by 31% using the noncured graphene-enhanced TIM with 
40 wt% graphene loading as compared to that of the commercial noncured TIM under 70× 
suns illumination. The solar cell temperature increased from 25 ºC to 41.2 ºC when the 
commercial TIM was applied. A temperature increase of ~11 ºC, from 25 ºC to 36.3 ºC, 
was recorded when the noncured TIMs with 40 wt% graphene was used (See Figure 3.5). 
 
Table 3.3: Increase in solar cell temperature while using different TIMs under 70× suns 
and 200× suns illumination. 
Sample ΔT (70× suns) ΔT (200× suns) 
Mineral oil 18.6  71.2 
Mineral oil with 10 wt% graphene  
Mineral oil with 20 wt% graphene  
Mineral oil with 40 wt% graphene  
Commercial TIM (Ice Fusion) 
16.1 
14.5 
11.3 
16.2 
49.6 
43.1 
39.1 
59.3 
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Figure 3.5: Temperature of the solar cell as a function of time under constant illumination 
of 70× suns and different noncuring TIMs. Reprinted with permission from Mahadevan, 
B.K; Naghibi, S.; Kargar, F.; Balandin, A.; Non-Curing Thermal Interface Materials with 
Graphene Fillers for Thermal Management of Concentrated Photovoltaic Solar Cells, C-
Journal of Carbon Research, volume 6, p2, 2019.  
 
The temperature rise in the solar cell was reduced by 34% using the noncured 
graphene-enhanced TIM with 40 wt% graphene loading as compared to that of the 
commercial noncured TIM under 200× suns illumination. The solar cell temperature 
increased from 25 ºC to 84 ºC when the commercial TIM was applied. A temperature 
increase of ~39 ºC, from 25 ºC to 64 ºC, was recorded when the noncured TIMs with 40 
wt% graphene was used (See Figure 3.6). It was confirmed that commercial noncured TIMs 
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have a large variety of fillers with optimized sizes, composition and concentrations deliver 
the best performance. The tested in-house TIM consisted only of the mineral oil base and 
graphene mixture. The performance of noncured graphene-enhanced TIMs can be 
improved by optimizing the graphene filler size, thickness and the use of additional fillers. 
 
 
Figure 3.6: Temperature of the solar cell as a function of time under constant illumination 
of 200× suns and different noncuring TIMs. Reprinted with permission from Mahadevan, 
B.K; Naghibi, S.; Kargar, F.; Balandin, A.; Non-Curing Thermal Interface Materials with 
Graphene Fillers for Thermal Management of Concentrated Photovoltaic Solar Cells, C-
Journal of Carbon Research, volume 6, p2, 2019.  
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3.3 Conclusions 
In this research thesis, the feasibility of thermal management of multi-junction solar cells 
using graphene-enhanced noncuring thermal interface materials was studied. By using an 
inexpensive scalable technique, graphene fillers were incorporated in the noncuring 
mineral oil matrix, with the concentration up to 40 wt%. The thermal interface material 
was applied between a solar cell and a heat sink to improve heat dissipation. The efficiency 
of the solar cell has been tested using an industry standard solar simulator with 
concentrated light illumination at 70× suns and 200× suns. It was confirmed that the 
noncuring graphene enhanced thermal interface material reduces substantially the 
temperature rise in the solar cell and improves the open circuit voltage. The use of graphene 
fillers allows to achieve significant improvement in the solar cell performance compared 
to the commercial noncured thermal interface material. The decrease in 𝑉𝑂𝐶 values was 
reduced up to 44% using graphene filler TIMs compared to the commercial TIM under 
200× suns illumination.  This was achieved due to reduction in solar cell temperature rise 
by 34% when graphene enhanced TIMs were utilized. The obtained results from this thesis 
research are important for development of the thermal management technologies for the 
next generation of photovoltaic solar cells. 
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